I. INTRODUCTION
Conventional (0001) c-plane GaN-based light emitting diodes (LEDs) on (0001) sapphire substrates are commercialized in various applications, such as traffic lights, general lighting, and liquid crystal display backlighting. However, c-plane GaN-based quantumwell (QW) heterostructures are inhibited by the quantumconfined stark effect (QCSE) that results from the existence of a strong internal electric field, which is caused by spontaneous and piezoelectric polarization in the [0001] c-axis growth direction [1, 2] . The QCSE causes spatial separation of electrons and holes in the QW region, and this separation causes both a decrease in carrier recombination efficiency and a spectral redshift in the wavelength [3] . These drawbacks can be eliminated by growing GaN-based heterostructures in the non-polar (1120) and (1100) planes (a-and m-planes, respectively), as proposed by Waltereit et al. in 2000 [4] . However, non-polar GaN epitaxial layers grown on heteroepitaxial substrates contain a high density of extended defects, such as basal-plane stacking faults (BSFs, 10 5 ~ 10 6 cm -1 ) and threading dislocations (TDs, 10 10 ~ 10 11 cm -2 ), including partial dislocations (PDs) caused by anisotropic in-plane strain states [5, 6] . TDs (such as line defects) act as optically non-radiative recombination centers and electrically Coulombic scattering centers, which reduce radiative recombination efficiency [7] and limit carrier transport properties [8, 9] . In non-polar GaN, BSFs (such as planar defects aligned perpendicularly to the [0001] c-axis) are formed on the c-plane sidewalls of three-dimensional (3D) GaN islands at the initial growth stage [5] . Structurally, a BSF can be regarded as a threemonolayer-thick zinc-blende-(ZB) phase GaN embedded in a wurtzite (WZ) GaN lattice. Among the four types of BSFs, the I 1 -type BSF is the most commonly observed because it has the lowest formation energy (~10 meV) [10] . In recent years, McLaurin et al. suggested that BSFs are the predominant source of anisotropy in the Xray diffraction (XRD) ω-scan width [11] . [10, 12] . Therefore, at low temperatures, BSFs exhibit characteristic luminescence features in the region of 3.42~3.44 eV, and this finding indicates an effective radiative recombination channel in non-polar GaN-based structures [13, 14] . Moreover, BSFs have also been proposed as the origin of anisotropic electrical conductivity along in-plane orientations in non-polar GaN films [15] [16] [17] . Consequently, the BSFs can significantly affect structural, electrical, and optical properties of non-polar GaN-based optoelectronic and/or electronic devices. To achieve better performance in nonpolar a-plane GaN-based devices, it is essential to obtain highly crystalline non-polar a-plane GaN films. Our investigation was performed with a-plane GaN films containing different in-situ SiN x interlayers, which are known to be the most cost-effective means of reducing structural defects. In the present study, we use BSFs as boundaries between incoherently diffracting domains and investigate the influence of these BSFs on XRD in aplane GaN films with different SiN x interlayers grown on (1102) r-plane sapphire substrates. Modified WH analysis is also employed to determine the c-axis lateral coherence length (LCL), and the c-axis LCL is then correlated with the BSF density that was measured using transmission electron microscopy (TEM).
II. EXPERIMENTS
Utilizing an 11´2" AIX2600G3HT metal organic chemical vapor deposition (MOCVD) system, all a-plane GaN samples were grown on r-plane sapphire substrates with a ±0.2º surface orientation tolerance. In this study, four a-plane GaN templates with different types of SiN x interlayers were prepared, as shown in Fig. 1 . A 150-nmthick GaN nucleation layer (NL) was grown on r-plane sapphire substrates at high temperatures. After growing the NL, two buffer layers (BL1 and BL2) were grown for all samples at 1050ºC using a well-known two-step growth method to improve crystalline quality [18] . For the control sample (AG1), which did not contain a SiN x layer, the first a-plane GaN buffer layer (BL1) of ~1 μm was directly grown on the GaN NL at a reactor pressure of 600 mbar and a V/III ratio of 900. The second buffer layer (BL2) of ~2.5 μm was subsequently grown on BL1 at a reactor pressure of 100 mbar and a V/III ratio of 350, which enhanced two-dimensional (2D) lateral growth. After growing two buffer layers, a 1.5-mm-thick hightemperature a-plane GaN layer (HT-a-GaN) was grown at 1160ºC to further the progress of the lateral growth mode, and this layer was followed by a ~2.5-mm-thick
Si-doped a-plane GaN capping layer. For all other samples (AG2-AG4), the SiN x interlayer was introduced with different deposition conditions, as depicted in Fig. 1 . Samples AG2 and AG3 contained two SiN x layers (SiN x at 150 s ´2) and a single SiN x layer with a growth time of 300 s. For AG2, the first SiN x layer was embedded in the initial stage of BL2 growth, and the second SiN x layer was embedded in the middle of the HT-a-GaN. For AG3 (modified from AG2), the single SiN x interlayer (300 s) was deposited at the same place as the first SiN x layer of AG2. For AG4, which had multiple SiN x interlayers, three pairs of SiN x /GaN interlayers were inserted, and each pair consisted of five periods with alternating SiN x layers (20 s) and a subsequent thin a-plane GaN layer (120 nm); the first pair was in the center of BL2, the second pair was in the center of the HT-a-GaN, and the third pair was in the HT-a-GaN/Si-doped a-plane GaN interface. A short silane (SiH 4 ) treatment time of 20 s resulted in partial SiN x coverage. For all samples, the SiH 4 flow rates that were used in the deposition of SiN x layers were 202 nmol/min. To investigate the microstructural properties of the a-plane GaN samples used in the present study, TEM (JEOL JEM-3011) at a 300-kV acceleration voltage was employed. Secondary-ion mass spectroscopy (SIMS) using a CAMECA IMS 7f system operating with a Cs primary ion beam was also used to observe the depth profile of Si atoms in the a-plane GaN films. In addition, high-resolution XRD was conducted using a Bruker D8 with a Cu Kα 1 X-ray target source (λ = 1.5406 Å) to analyze the crystalline quality and the WH plot of the aplane GaN films. These values indicate that the SiN x interlayer had almost no influence on the Si doping profile in the Si-doped GaN layer. Note that SiN x -embedded regions were present in the SIMS depth profile. For sample AG3, the depth between the Si-doped GaN and the SiN x interlayer was ~1.8 μm, which is half the calculated thickness between the Si-doped GaN layer and the single SiN x layer deposited for 300 s. As shown in Fig. 1 , the SiN x layer was inserted in the position where the 500-nm-thick BL2 was grown. Therefore, it is expected that the calculated film thickness between the Si-doped GaN and the SiN x layer would be ~3.5 μm. One explanation for the difference in thicknesses may be the change in the growth mode on the thick SiN x interlayer. The SiN x deposition time of 300 s results in complete SiN x coverage [19] . Acting as a nanoporous mask layer, a thick SiN x layer produces a very low density of GaN nucleation sites, which changes the growth modes from 2D to 3D in the subsequent a-plane GaN layer. Therefore, the reduced film thickness in sample AG3 is attributed to the delayed 2D growth mode resulting from the introduction of a thick SiN x nanomask with complete SiN x coverage. To observe BSFs, the plan-view TEM images were measured with g = (1100) for representative samples AG1 and AG4, which are shown in Figs. 3(a) and (b) . Under the two-beam condition with g = (1100), TDs/PDs were out of contrast, and BSFs were seen as thin lines in the direction perpendicular to the c-axis. There are four types of BSFs: three intrinsic (I 1 , I 2 , and I 3 ) and one extrinsic. Among these types, I 1 -type BSFs (R = 1/6<2023>) have the lowest formation energy and are commonly observed in III-nitride films [10] . The measured BSF densities were found to be (1.1 ± 0.5) ´ Fig. 2 , both short BSF lengths and highdensity bundles of BSFs were seen in control sample AG1, and these features were more prominent in sample AG1 than in sample AG4, which had multiple SiN x /GaN layers. Johnston et al. suggested that enhancement of the 3D growth stage in a-plane GaN films increased the BSF length because of BSFs in adjacent islands merging at the subsequent 2D growth stage, which is the coalescence step for GaN islands [20] . Therefore, the significant reduction in BSF density in sample AG4 can be explained by the increase in the 3D-2D transition stage. Meanwhile, BSFs are found to be terminated by PDs or prismatic stacking faults (PSFs) [21] . In particular, BSFs are predominantly terminated by PDs because the density of PSFs (R = 1/2<1011>) formed on prismatic {1210} planes is much lower (~10 2 cm -1 ) than the density of PDs.
III. RESULTS AND DISCUSSION
Consequently, it was expected that PD densities in samples AG1 and AG2 would be much higher than the densities in the other samples.
Unlike c-plane GaN, non-polar GaN films show anisotropic in-plane strain states resulting from low inplane symmetry, and therefore, a single XRD ω-scan cannot be employed to evaluate crystal quality for heteroepitaxial non-polar GaN films [6, 22] . Fig. 4(a Fig. 4(a) clearly shows that the introduction of the SiN x interlayer can modify the in-plane anisotropy of XRD (1120) ω-scan broadening. The M-shape variation in the ω-scan broadening can be changed into W-shape variation when different growth conditions are imposed. Fig. 4(b) shows the FWHMs of the XRD ω-scan with respect to the two in-plane directions (i.e., the c-and m- The epitaxial film is often viewed in the context of a mosaic block model consisting of defect-free domains. Consequently, XRD ω-scans have been widely used to study the state of mosaic films. In c-plane GaN, the origin of broadening in the ω-scan was mainly classified by the mosaic tilt and/or the coherently scattering domain size [23] [24] [25] . Rocking curve widths in the symmetric (00l) plane are influenced by the density of screw TDs. In contrast, a high density of pure edge TDs distorts only the asymmetric (hkl) planes for which either h or k is nonzero. Conversely, the in-plane anisotropy of symmetric XRD ω-scan broadening in non-polar GaN films may originate from the anisotropic in-plane growth rate [22] , stacking faults [11] , surface roughness [6] , mosaic tilt [6] , a non-uniform distribution of dislocations [26] , and wafer curvature [27] . However, in non-polar GaN, the origin of in-plane anisotropy in symmetric XRD ω-scan broadening is still under debate. Boundaries between the mosaic blocks are found to be structural defects, such as TDs and BSFs [9, 11, [23] [24] [25] [26] . It is noteworthy that symmetric (1120) Bragg reflection is unaffected by BSFs for a-plane GaN [6] . Therefore, inplane anisotropy of symmetric (1120) ω-scan broadening may originate from differing distributions of TDs/PDs with screw components in in-plane orientations. However, the LCL in non-polar GaN films is usually smaller than the LCL in c-plane GaN film. This difference indicates that anisotropic broadening of reciprocal lattice points (RLPs) occurs if coherently diffracting domains are small compared to the coherence length of the X-ray beam [6, 11] . Therefore, the smaller FWHMs of (1120) ω-scans in the c-axis direction that were found in this study may also be attributed to the highly elongated a-plane GaN mosaic along the c-axis. Consequently, the lowest in-plane anisotropy (79 arcsec) of (1120) ω-scan widths in sample AG4 is explained by the relatively isotropic size of coherently scattering domains, which results from the reduction in TD/PD density caused by an increase in the 3D-2D growth transition stage, as reported by Hollander et al. [18] . Accordingly, deposition conditions in the SiN x interlayer affect both defect density and mosaicity, and therefore, they also influence the size of the coherent scattering domain along the in-plane directions in a-plane GaN films. To further this research, WH analysis of the symmetric planes along the c-and m-axes in the a-plane GaN sample is under investigation.
Because the on-axis (1120) ω-scan was not affected by BSFs, we conducted the XRD ω-scan on off-axis planes influenced by BSFs. Moram et al. reported that only the (1010) and (2020) reflections were affected by both I 1 -and I 2 -type BSFs. These results were confirmed by observing diffuse streaks in the reciprocal space maps of the (h0h0) series of reflections obtained in the skew symmetric diffraction geometry from a-plane GaN films [6] . According to the report, the (1122) ω-scan width can also be affected by I 1 -type BSFs. Therefore, the off-axis planes used in this study were (1010), (2020), and (1122), as shown in Fig. 5 . In Fig. 4 , the FWHM values of off-axis ω-scans for all off-axis planes show a similar tendency. Moreover, the FWHMs of off-axis ω-scans were significantly reduced when the SiN x interlayer was employed, which indicated a reduction in the density of structural defects, such as BSFs. Consequently, the FWHMs of the off-axis XRD ω-scan (affected by BSFs) were clearly in excellent agreement with the BSF densities obtained from TEM analysis, as shown in Table 1 .
WH analysis has been used to study the individual contributions from mosaic tilt, crystallite size, and lattice strain to the broadening of the X-ray rocking curves of heteroepitaxial films [23] . For non-polar GaN, WH analysis is a useful tool for studying the mechanism governing anisotropic broadening in the XRD ω-scan of non-polar GaN films [11, 28] . For example, McLaurin et al. demonstrated that, when BSFs served as boundaries between incoherently scattering domains, these BSFs were responsible for ω-scan width anisotropy in m-plane GaN films [11] . In modified WH analysis, the measured XRD ω-scan peak broadening is described with two dominant factors: mosaic tilt and the lateral size of the coherently scattering domain. The relation used for WH analysis can be expressed as follows:
where Δω is the FWHM of the ω-scan of a RLP hkl, λ is the wavelength of the X-ray source, θ hkl is the Bragg angle for the hkl reflection, and L is the LCL [11] . Because the symmetric (1120) diffraction for a-plane GaN films is unaffected by BSFs, WH plot analysis was performed in this study with a (h0h0) series of diffractions in skew symmetric geometry [χ = 30º and ϕ = 0º (which implies that the incident X-ray beam was along the c-axis)] for representative samples, as shown in Fig. 6 . The measured values for the (3030) plane in the WH plots are located at much lower positions than the expected values from extrapolated lines for the other planes because the (3030) diffraction is not influenced by the existence of BSFs [6, 28] . The figure clearly shows that the y-intercept (y 0 ) of the control sample (AG1, which lacks a SiN x interlayer) is higher than the yintercepts of the other samples (with different SiN x interlayers). The LCL is extracted from the y 0 of the linear fits for the (1010) and (2020) diffractions (LCL = 0.9/2y 0 ) [11, 23] . The measured c-axis LCLs for a-plane GaN samples used in the present study were 173, 479, and 371 nm for samples AG1, AG3, and AG4, respectively. These values were well correlated with BSF densities from TEM analysis. Furthermore, the c-axis LCLs were consistent with the FWHM values of the offaxis ω-scan in Fig. 4(a) . Evidently, the (1010), (2020), and (1122) planes were affected by BSF density. Meanwhile, tilt angles for the mosaic (Δω mosaic ) were derived from the slope of the linear fits for the WH plots, as described in Eq. (1). The obtained tilt angles were 0.40º, 0.37º, and 0.34º for samples AG1, AG3, and AG4, respectively. Consequently, the increased c-axis LCLs in samples AG3 and AG4 may be explained by the substantially reduced BSF density, which resulted from the introduction of a thick SiN x layer (for 300 s) and multi-SiN x layers. The results of the WH analysis are summarized in Table 1 .
In the WH plots, the density of BSFs may also be obtained from the reciprocal of the LCLs [11, 23] . The BSF densities extracted from 1/LCL were 5. [11] . Additionally, our study suggests that WH analysis is very useful for estimating the microstructural quality of non-polar GaN epitaxial films in the mosaic block model.
V. CONCLUSIONS
The role of BSFs in XRD ω-scans of non-polar aplane GaN films grown using MOCVD was studied. The insertion of a SiN x interlayer produced almost no effect on the Si doping concentration in the Si-doped GaN layer. The density of BSFs was significantly reduced in a-plane GaN films containing a thick SiN x layer and multi-SiN x layers, and this finding likely resulted from the blockage of a large number of BSFs and the increase in the 3D-2D transition stage. In the a-plane GaN film, BSFs cannot be the dominant source of the anisotropic broadening of the symmetric (1120) XRD ω-scan because the (1120) ω-scan FWHMs are unaffected by I 1 -and I 2 -type BSFs. With respect to BSFs, the FWHMs of the XRD ω-scan for off-axis planes showed good correlation with the densities of BSFs from plan-view TEM, which was in a good agreement with LCLs obtained from the WH plots for the (h0h0) series of diffractions. In addition, the trends in the BSF densities for both WH and TEM analyses were very similar. These results imply that BSFs act like boundaries between incoherently diffracting domains.
